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Abstract  
Background. New therapeutic approaches to improve cardiac contractility without severe 
risk would improve the management of acute heart failure. Increasing systolic sodium influx 
can increase cardiac contractility, but most sodium channel activators have proarrhythmic 
effects that limit their clinical use. Here, we report the cardiac effects of a novel positive 
inotropic peptide isolated from the toxin of the Black Judean scorpion that activates 
“neuronal” TTX-sensitive sodium channels. 
Methods and results. All venoms and peptides were isolated from Black Judean 
Scorpions (Buthotus Hottentotta) caught in the Judean Desert. The full scorpion venom 
increased left ventricular function in sedated mice in vivo, prolonged ventricular 
repolarization, and provoked ventricular arrhythmias. An inotropic peptide (BjIP) isolated 
from the full venom by chromatography increased cardiac contractility, but did neither 
provoke ventricular arrhythmias nor prolong cardiac repolarization. BjIP increased 
intracellular calcium in ventricular cardiomyocytes, and prolonged inactivation of the 
cardiac sodium current. Low concentrations of tetrodotoxin (200nM) abolished the effect of 
BjIP on calcium transients and sodium current. BjIP did not alter the function of Nav1.5, but 
selectively activated the brain-type sodium channels Nav1.6 or Nav1.3 in cellular 
electrophysiological recordings obtained from rodent thalamic slices. Nav1.3 (SCN3A) mRNA 
was detected in human and mouse heart tissue. 
Conclusion. Our pilot experiments suggest that selective activation of TTX-sensitive 
neuronal sodium channels can safely increase cardiac contractility. As such, the peptide 
described here may become a lead compound for a new class of positive inotropic agents.  
Key words. acute heart failure, sodium channel, inotropic agents, arrhythmia, 
pharmacotherapy
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Introduction  
Heart failure kills in equal proportions either by a critical loss of contractile cardiac function 
or by sudden  due to ventricular arrhythmias 1-3. Currently available inotropic agents 
(sympathomimetic agents, calcium sensitizers, or phosphodiesterase inhibitors) improve 
hemodynamic function at the price of potentially fatal proarrhythmic side effects and/or the 
deleterious consequences of chronic β-adrenoreceptor stimulation. Hence, inotropic therapy 
is confined to patients with severe, acutely decompensated heart failure treated on intensive 
care units 1, 2. An inotropic therapy without these side effects would clearly be desirable in 
the management of acute heart failure. 
 
Cardiac contraction is initiated by calcium release from the sarcoplasmic reticulum in 
cardiomyocytes. The trigger for calcium influx into the cell is an influx of sodium into the 
cardiomyocyte initiated through opening of voltage-gated sodium channels. Thereafter, 
opening of voltage-gated calcium channels, exchange of sodium and calcium via the sodium-
calcium exchanger, and calcium-activated calcium release from the sarcoplasmic reticulum 
accentuate this initial stimulus. Voltage-gated sodium channels, an evolutionary well-
preserved group of sarcolemmal transmembrane proteins, regulate voltage-dependent 
sodium influx and electrical excitability in neuronal and cardiac tissue 4. Activators of 
cardiac sodium channels are known to exert positive inotropic effects, but also cause 
arrhythmias 5. Cardiac sodium channels can be divided into TTX resistant (µM range) and 
TTX-sensitive (nM range) channel subtypes 4. The main isoform of the TTX-resistant sodium 
channels Nav1.5 is expressed predominantly in cardiomyocytes 4. Selective increase in the 
opening kinetics of Nav1.5 causes atrial fibrillation and heart failure 6, 7, and genetic variants 
in the Nav1.5 channel are associated with defibrillator shocks in heart failure patients 8. This 
may explain why activators of Nav1.5 are not used in patients with heart failure, despite their 
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positive inotropic effects 9. TTX-sensitive sodium channels, in contrast, are mainly expressed 
in mammalian brain and in skeletal muscle 4, 10, but also in T-tubules of cardiomyocytes close 
to calcium-releasing organelles 10, 11. Selective activation of TTX-sensitive sodium channels 
could hence provide a leverage to improve cardiac contraction without interfering with the 
electrophysiological function of cardiomyocytes. This has, however, never been formally 
tested. Here, we report about a peptide isolated from the venom of the Black Judean 
Scorpion, BjIP, which confers positive inotropy without proarrhythmic effects. This 
beneficial combination of effects appears to be mediated by selective activation of neuronal 
TTX-sensitive sodium channels (most likely Nav1.3 and/or Nav1.6). 
   
Methods 
All methods are explained in detail in the on-line supplement.  
 
Venom harvesting and isolation of the inotropic peptide BjIP. The full venom was 
harvested from Hottentotta judaicus scorpions. All venom and peptide fractions were 
harvested and prepared in Israel, and shipped to Muenster for functional and molecular 
analyses. 
 
Molecular characterization of BjIP. The inotropic peptide was characterized by Matrix-
Assisted Laser-Desorption Ionization-Time-Of-Flight Mass Spectrometry (MALDI-TOF MS). 
The N-terminal amino acid sequence (33 amino acids) was determined using Edman 
degradation. Total RNA isolated from the Black scorpion's venom gland was used for cDNA 
synthesis by the aid of SMART approach (Clontech, Park Tamar, Israel).  
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Real time quantitative PCR (qPCR) of Na+ channels in heart tissue. Total RNA was 
prepared from freshly dissected tissue by extraction with Trizol® reagent (RNeasy Lipid 
Tissue, Qiagen, Düsseldorf, Germany). Further details in supplemental methods. 
 
Dose selection for the full venom and the inotropic peptide. The limited access to 
BjIP required careful dose selection throughout the project. Preliminary experiments 
showed a positive inotropic effect of the full venom at 4µg/ml. Considering the expected 
weight contribution of BjIP to the protein content of the full venom (10%), we chose the 
concentrations given below for the initial functional assessment of the full venom and of BjIP 
(Table). Following the trabecular experiments demonstrating a positive inotropic effect of 
the BjIP at 1/10 of the initial concentration of BjIP, we reduced the concentration of BjIP for 
further cellular mechanistic experiments. 
 
Murine echocardiography. Cardiac function was measured during anesthesia on 
HP5500 and Vevo770 ultrasound microscopy systems (Visualsonics, Canada, 50-70 MHz 
transducers) in adult three months old CD-1 wild type mice 12. In brief, sedated animals were 
studied while spontaneously breathing. After establishing a stable physiological situation, 
left ventricular function was assessed in real-time by M mode echocardiography at baseline 
and after intraperitoneal injection of the full venom (40µg) or the inotropic peptide (BjIP, 
2µg). Cardiac contraction was monitored for 20 minutes after injection.  
 
Electrophysiological measurements in the isolated heart. Hearts of three months 
old wild type mice were isolated and retrogradely perfused (oxygenated modified Krebs-
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Henseleit solution, 37°C temperature, pH 7.4) on a modified Langendorff apparatus. 
Monophasic action potentials were recorded from the right and left ventricles of beating 
hearts 12, 13. The atrioventricular node was ablated to generate ventricular bradycardia. After 
a stabilization period of 10 minutes, spontaneous rhythm was observed, and ventricular 
pacing was performed at fix rates to assess ventricular action potential durations. The 
protocol was repeated after adding BjV or BjIP to the perfusate (Table). 
 
Recording of sodium current (INa) in murine cardiomyocytes. Ventricular 
cardiomyocytes were isolated and prepared for patch clamp experiments as described 14. 
Cells were exposed to BjIP (4 µg/ml) and TTX (200 nM) by a gravity driven fast application 
system (Warner, Holliston, USA). The inactivation time constant τ was derived from single 
exponential fits to the INa decay phase (Fitmaster, HEKA, Lambrecht, Germany). The total 
sodium influx was estimated by INa integration as the area under curve.  
 
Cardiomyocytes shortening and calcium transient measurements. Cell shortening 
was measured in electrically driven (0.5 Hz) mouse ventricular cardiomyocytes. Cells were 
isolated and mounted in tissue chambers, containing a modified Tyrode’s solution, for 
recording of cell shortening 15.  After a preequilibration period of 30 min, BjIP solution (0.4 
µg/ml) was superfused to the cardiomyocytes for 5 min. As a control, 200 nM TTX was 
applied, followed by BjIP. Cell shortening, time to peak tension, and relaxation time (90%) 
were continuously monitored during the measurement. For calcium transient measurements, 
indo1 fluorescence ratio (Ca2+) and cell shortening (Crescent Electronic Video Edge Motion 
Detector) were recorded simultaneously from isolated murine cardiomyocytes at room 
temperature during field stimulation at 0.5 Hz 16.  
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Single-cell electrophysiology in acute living brain slices. Brains were removed from 
decapitated rats and placed in an ice-cold, oxygenated solution. Acute living brain slices 
(280 µm thickness) containing the dorsal part of the lateral geniculate nucleus of the 
thalamus (dLGN) were cut on a vibratome (Leica VT1200, Wetzlar, Germany) and kept 
submerged in solution, and recording pipettes inserted into neuronal cells. Slices were 
continuously superfused with a bath solution. After establishment of the whole cell 
configuration, cells were superfused with a low Na+-solution. Signals were amplified (EPC-
10, HEKA) and digitally analyzed using Pulse. µ-Conotoxin PIIIA (µCtx, Alomone, 
Jerusalem, Israel), ProTX-II (ProTX, Alomone) which selectively inhibit distinct isoforms of 
voltage-dependent Na+ channels, or TTX (Tocris, Bristol, UK) were added directly into the 
bath. Recordings were obtained at baseline and during BjIP superfusion in identical cells. 
 
All functional experiments were approved by the Bezirksregierung in Münster, Germany, 
and conformed to the local and international regulation for experiments in animals.  
 
Statistical analysis. We compared categorical data using Fishers exact test. Numerical 
data were compared by two sided paired t tests (e.g. measurements before and after 
perfusion of BjIP or BJCV), Wilcoxon signed-rank tests. For multiple measurements data 
were analyzed by repeated measures analysis of variance followed by a multiple comparison 
procedure (Bonferroni t-test) if the overall test was significant. For thalamic recordings a 
one-sided (expected increase for BjIP; expected decrease for commercial blockers) test was 
used. Data were considered significantly different at p values <0.05. When data are 
displayed as boxplots, boxes and box limits indicate the data range mean, and standard 
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error. Whiskers indicate the minimum and maximum of the respective data. Individual 
measurements are shown in the boxplots as points. 
  
Results  
BjIP has inotropic effects without prolonging cardiac repolarization or 
provoking arrhythmias. The complete venom of Hottentotta judaicus (BjV), when 
injected intra-peritoneally into anesthetized albino CD1 mice (0.7-1.0 mg/mouse n=5) did 
neither kill nor affect locomotion. BjV (0.2 mg/mouse i.p.) increased ventricular contractility 
by 20-25% and caused ventricular arrhythmias (Fig1 a,b). When perfused in isolated, beating 
mouse hearts, BjV provoked ventricular arrhythmias and prolonged the ventricular action 
potential (Fig 1c-f). Reversed-phase HPLC chromatography identified an inotropic peptide. 
Intraperitoneal application of 20 µg BjIP increased contraction of the murine heart in vivo to 
a similar extent as the full venom (Fig 1a,b). In contrast to the full venom, BjIP did neither 
provoke ventricular arrhythmias when administered intraperitoneally in vivo (Figure 1a) nor 
during perfusion in the isolated heart (Fig 1c,d). Furthermore, BjIP did not prolong action 
potential duration in the isolated, beating heart (4 µg /ml BjIP, Fig 1e-g).  
 
The primary sequence and predicted tertiary structure of BjIP closely resemble 
scorpion venom long chain neurotoxins affecting the voltage-gated sodium 
channels. BjIP was sequenced and its tertiary structure modeled (Fig 2): The full sequence 
includes 63 amino acids of mature polypeptide, 19 amino acids of the signal peptide (red 
underline), 111 base pairs of untranslated nucleotides, and a polyadenylation site (black 
underline) – followed by 30 base pairs of poly A. Based on the molecular mass of the 
peptide, the last two amino acids of the mature peptide are cleaved (blue underline in Fig 
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2b). The modeled structure of BjIP resembles that of β-type insect toxins (Fig 2c,d), 
consistent with the transient contraction of Sarcophaga falculata blowfly larvae upon 
exposure to 20-50 ng BjIP /100 mg body weight (ED50 for flaccid paralysis 30-40ng/100mg 
body).  
 
The positive inotropic effects of BjIP are TTX-sensitive. BjIP superfusion enhanced 
contractility in right ventricular mouse trabecles (Fig. 3a) and increased contractility and 
intracellular calcium transients in paced mouse ventricular cardiomyocytes (Fig 3b-e). 
Furthermore, BjIP delayed inactivation of the cardiac sodium current without affecting peak 
current amplitude (Fig 3f-i). Nanomolar concentrations of TTX antagonized the effect of 
BjIP on contractility (Fig 3a), calcium transients (Fig 3d,e), and INa (Fig 3f-i).  
 
BjIP activates neuronal sodium channels. Fast inward currents in thalamocortical 
neurons17 indicated a sufficient voltage control and space clamp to assess Na currents (Fig. 
4a). Current amplitudes increased by application of BjIP (0.44 µg/ml; +16.1±8.4 %, n=7; Fig. 
4a,c). The inactivation time constant of INa was best fitted by a single exponential function at 
room temperature (Fig. 4b, e.g. τ = 4.9±0.8 ms  for the step to -30 mV, n=7). No changes in 
current decay were detected in the presence of BjIP τ = 5.0±0.5 ms (n=7; Fig. 4b). µCtx 18 
reduced INa by -19.4±3.9 % (n=4; Fig. 4f). In the presence of µCtx, BjIP increased INa 
amplitudes by 13.2±6.0 % compared to control (n=4; Fig. 4f). ProTx (0.5 µM 19) reduced INa 
amplitudes by -27.5±6.6 % (n=5; Fig. 4d, g). In the presence of ProTx, BjIP had no effect on 
current amplitudes (n=5; Fig. 4d, g). Additional application of TTX (1 µM) nearly completely 
inhibited INa in TC neurons (Fig. 4d). 
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Expression of TTX-sensitive Na channel genes in murine brain and heart and in 
human heart tissue. From the ten known NaV1 channel genes, mRNA of SCN1A (NaV1.1), 
SCN2A (NaV1.2), SCN3A (NaV1.3), SCN8A (NaV1.6), SCN11A (NaV1.9) and SCN7A (NaX) was 
detected in thalamic tissue (Fig. 4h). mRNA of the other Na+ channels were below detection 
limit in thalamus.   qPCR was used for heart tissue. Relevant expression of SCN3A mRNA, 
but not of SCN8A mRNA was detected in human and murine ventricular tissue, and slightly 
higher SCN3A mRNA levels were found in specialized conduction tissue (Purkinje fibers and 
AV node, Fig. 5). These findings together with the subtype specificity of µCtx and ProTx 
make NaV1.3 channels the most likely candidates for positive modulation by BjIP. 
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Discussion  
Main findings. Within the limitations of studying a biological toxin that had to be 
harvested and purified for each experiment, our findings suggest that selective activation of 
“neuronal”, TTX-sensitive sodium channels in the heart (most likely Nav1.3 channels) by a 
peptide isolated from the venom of Buthotus Hottentotta may be a novel therapeutic 
principle to increase cardiac contractility without proarrhythmic side effects. Further 
experiments are needed to validate our encouraging preliminary findings. 
 
Currently available positive inotropic agents modulate unspecific kinases in cardiomyocytes, 
such as protein kinase C, but also calcineurin or calcium-dependent calmodulin kinase II 
(CaMKII) 20, 21. These kinases increase cAMP levels in the myocardium and thereby increase 
calcium release from the sarcoplasmic reticulum, but also alter the function of the main 
cardiac sodium channel Nav1.5 by phosphorylation 21, and thereby increase cardiac 
contractility. Activators of the main cardiac sodium channel Nav1.5 increase contractility 5, 22. 
Activation of Nav1.5, however, also prolongs repolarization 5, 22 and provokes ventricular 
arrhythmias 23.  
 
TTX-sensitive sodium channels contribute to sodium influx and increased contractility in the 
heart: Approximately 25% of mammalian cardiac sodium channels are TTX-sensitive, and 
preferentially localized close to the T tubules 11.  Our own qPCR measurements confirm that 
SCN3A/Nav1.3 mRNA is present in human and mouse ventricular tissue (Figure 5), while 
SCN8a/Nav1.6 mRNA is not found in the heart, consistent with a recent report in rats 
(Figure 6 in 24). Insect toxins can have inotropic effects in large mammals 25, and nanomolar 
concentrations of TTX exert a negative inotropic effect (-20%) in beating guinea-pig hearts 
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10. It is noteworthy that a similar phenomenon, although less noticeable, can be seen in Fig. 
3d,e, where TTX (200 nM) reduces contractility slightly below control values.  
 
Similar to the Nav1.5 activators and to apelin 26, the full venom of the Hottentotta judaicus 
has inotropic effects, but also prolongs the ventricular action potential and provokes 
ventricular arrhythmias (Figure 1). BjIP, in contrast, increased contractility in vivo and in 
cardiomyocytes without proarrhythmic effects (Figure 1). Furthermore, the effect of BjIP was 
reversed by TTX (Figure 3), suggesting an action on TTX-sensitive cardiac sodium channels, 
i.e. Nav1.1, Nav1.2, Nav1.3, Nav1.4 , Nav1.6 or Nav1.7 4, 27, or alternatively spliced Nav1.5 sodium 
channels 28. Although we could not measure full I-V-relations due to limited amounts of 
BjIP, we have sufficient data so show that BjIP delays INa inactivation without altering INa 
amplitude. Our electrophysiological experiments in thalamic slices suggest that BjIP 
activates Nav1.3 and/or Nav1.6 (Fig. 4). Consistent with published reports 4, 11, 27, 29-31, we find 
expression of Nav1.3 channel mRNA in ventricular myocardium. Thus, it seems likely that the 
inotropic effect of BjIP is mediated by activation of Nav1.3, possibly initiating a localized 
increase in sodium close in the T tubules of cardiomyocytes 11 close to the sarcoplasmic 
reticulum, where even a small sodium influx can increase local calcium concentrations and 
facilitate calcium release from the sarcoplasmic reticulum 32. A similar alteration in local 
calcium homeostasis was proposed in multiple sclerosis where axonal injury is caused by 
increased Nav1.6 channels in demyelinated axons and alters sodium-calcium exchange 33. 
Alternatively, sodium influx close to the T tubules may synchronize excitation-contraction 
coupling, and thereby improve inotropy 10, 11. BjIP may also increase diastolic sodium load in 
the cell by providing additional substrate to the sodium-calcium exchanger through 
activation of Nav1.3 channels, as has been shown for the Nav1.5 opener veratridine 34. These 
possibilities deserve further experimental examination. Of note, Nav1.6 , but not Nav1.3 mRNA 
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expression is increased in response to pressure overload, rendering activation of Nav1.6 
channels relevant in hypertrophied and failing hearts 30. Thus, activation of Nav1.3 and/or 
Nav1.6 seems a promising new cardiac inotropic principle.  
 
Limitations. We performed the experiments over a period of several years using different 
preparations of the peptide, limited by the available amount of the purified peptide obtained 
from freely living scorpions collected in the Negev Desert. Our attempts to generate 
recombinant BjIP have so far not allowed us to obtain an adequately folded peptide in 
sufficient amounts 35. Clearly, recombinant BjIP would be desirable to perform experiments 
in large animal models and in failing hearts, and to provide unambiguous evidence that the 
observed effects were mediated by BjIP and not by contaminations. These limitations 
notwithstanding, our data suggest that selective activation of the neuronal, TTX-sensitive 
sodium channels, most likely including Nav1.3, is a promising target for the development of 
novel inotropic substances. 
 
Further research directions. Our observations invite further studies, e.g. examining the 
following issues: 1. Providing dose-response curves for the effect of BjIP on different Na 
channels; 2. Determining whether Nav1.3 is indeed the main molecular target mediating the 
effect of BjIP; 3. Investigating the effect of BjIP in failing hearts, where Na channel 
expression, calcium handling, metabolic state, and Na channel function may be altered; 4. 
Determining the effect of BjIP in ischemia-reperfusion models ; 5. Assessing whether BjIP 
may have a specific antiarrhythmic effect that could explain that cardiac APD and ventricular 
arrhythmias are not affected by BjIP.  
 
BjIP activates TTX-sensitive Na currents CIRCHF/2013/001066 R2 page 14 
Acknowledgements. We thank Dr. Sandra Laakmann for help with in vivo experiments, 
and Nina Kreienkamp for technical assistance. Moreover, we want to dedicate this 
publication to the late Eliahu Zlotkin whose energy and determination initiated this work. 
 
Sources of funding. This work was supported by IZKF Münster (Core Unit CarTel to PK, 
Kih1/020/07 to U.K. and L.F., Bud3/010/10 to T.B.), by DFG (FA413/3-1, to L.F., BU 
1019/11-1 to T.B.) by DFG 656 MoBil, C3, A8, to L.F. and P.K., by IMF Münster, and by 
AFNET. Further support came from European Union (EUTRAF 251057) and British Heart 
Foundation (FS/13/43/30324) 
 
Disclosures. The authors have no disclosures with respect to the topic of this paper. A full 
financial disclosures list for PK is available on line at www.escardio.org  
BjIP activates TTX-sensitive Na currents CIRCHF/2013/001066 R2 page 15 
References 
1. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE, Jr., Drazner MH, Fonarow GC, 
Geraci SA, Horwich T, Januzzi JL, Johnson MR, Kasper EK, Levy WC, Masoudi FA, 
McBride PE, McMurray JJ, Mitchell JE, Peterson PN, Riegel B, Sam F, Stevenson 
LW, Tang WH, Tsai EJ, Wilkoff BL. 2013 accf/aha guideline for the management of 
heart failure: A report of the american college of cardiology foundation/american 
heart association task force on practice guidelines. Circulation. 2013; 128:1810-52. 
2. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, Dickstein K, Falk 
V, Filippatos G, Fonseca C, Gomez-Sanchez MA, Jaarsma T, Kober L, Lip GY, 
Maggioni AP, Parkhomenko A, Pieske BM, Popescu BA, Ronnevik PK, Rutten FH, 
Schwitter J, Seferovic P, Stepinska J, Trindade PT, Voors AA, Zannad F, Zeiher A, 
Bax JJ, Baumgartner H, Ceconi C, Dean V, Deaton C, Fagard R, Funck-Brentano C, 
Hasdai D, Hoes A, Kirchhof P, Knuuti J, Kolh P, McDonagh T, Moulin C, Reiner Z, 
Sechtem U, Sirnes PA, Tendera M, Torbicki A, Vahanian A, Windecker S, Bonet LA, 
Avraamides P, Ben Lamin HA, Brignole M, Coca A, Cowburn P, Dargie H, Elliott P, 
Flachskampf FA, Guida GF, Hardman S, Iung B, Merkely B, Mueller C, Nanas JN, 
Nielsen OW, Orn S, Parissis JT, Ponikowski P. Esc guidelines for the diagnosis and 
treatment of acute and chronic heart failure 2012: The task force for the diagnosis and 
treatment of acute and chronic heart failure 2012 of the european society of 
cardiology. Developed in collaboration with the heart failure association (hfa) of the 
esc. Eur J Heart Fail. 2012;14:803-869 
3. Zannad F, McMurray JJ, Krum H, van Veldhuisen DJ, Swedberg K, Shi H, Vincent J, 
Pocock SJ, Pitt B, Group E-HS. Eplerenone in patients with systolic heart failure and 
mild symptoms. N Engl J Med. 2011;364:11-21 
4. Goldin AL. Resurgence of sodium channel research. Annu Rev Physiol. 2001;63:871-
894 
5. Baumgart D, Ehring T, Krajcar M, Skyschally A, Heusch G. Characterization of the 
inotropic and arrhythmogenic action of the sodium channel activator bdf 9148: A 
comparison to its s-enantiomer bdf 9196, to its congener dpi 201-106, to 
norepinephrine, and to ouabain. Basic Res Cardiol. 1994;89:61-79 
6. Olson TM, Michels VV, Ballew JD, Reyna SP, Karst ML, Herron KJ, Horton SC, 
Rodeheffer RJ, Anderson JL. Sodium channel mutations and susceptibility to heart 
failure and atrial fibrillation. JAMA. 2005;293:447-454 
7. Lemoine MD, Duverger JE, Naud P, Chartier D, Qi XY, Comtois P, Fabritz L, 
Kirchhof P, Nattel S. Arrhythmogenic left atrial cellular electrophysiology in a 
murine genetic long qt syndrome model. Cardiovasc Res. 2011;92:67-74 
8. Sun AY, Koontz JI, Shah SH, Piccini JP, Nilsson KR, Jr., Craig D, Haynes C, 
Gregory SG, Hranitzky PM, Pitt GS. The s1103y cardiac sodium channel variant is 
associated with implantable cardioverter-defibrillator events in blacks with heart 
failure and reduced ejection fraction. Circ Cardiovasc Genet. 2011;4:163-168 
9. Schwinger RH, Bohm M, Mittmann C, La Rosee K, Erdmann E. Evidence for a 
sustained effectiveness of sodium-channel activators in failing human myocardium. J 
Mol Cell Cardiol. 1991;23:461-471 
10. Maier SK, Westenbroek RE, Schenkman KA, Feigl EO, Scheuer T, Catterall WA. An 
BjIP activates TTX-sensitive Na currents CIRCHF/2013/001066 R2 page 16 
unexpected role for brain-type sodium channels in coupling of cell surface 
depolarization to contraction in the heart. Proc Natl Acad Sci U S A. 2002;99:4073-
4078 
11. Westenbroek RE, Bischoff S, Fu Y, Maier SK, Catterall WA, Scheuer T. Localization 
of sodium channel subtypes in mouse ventricular myocytes using quantitative 
immunocytochemistry. J Mol Cell Cardiol. 2013;64:69-78 
12. Kuhlmann MT, Kirchhof P, Klocke R, Hasib L, Stypmann J, Fabritz L, Stelljes M, 
Tian W, Zwiener M, Mueller M, Kienast J, Breithardt G, Nikol S. G-csf/scf reduces 
inducible arrhythmias in the infarcted heart potentially via increased connexin43 
expression and arteriogenesis. J Exp Med. 2006;203:87-97 
13. Fabritz L, Damke D, Emmerich M, Kaufmann SG, Theis K, Blana A, Fortmuller L, 
Laakmann S, Hermann S, Aleynichenko E, Steinfurt J, Volkery D, Riemann B, 
Kirchhefer U, Franz MR, Breithardt G, Carmeliet E, Schafers M, Maier SK, 
Carmeliet P, Kirchhof P. Autonomic modulation and antiarrhythmic therapy in a 
model of long qt syndrome type 3. Cardiovasc Res. 2010;87:60-72 
14. Schulte JS, Seidl MD, Nunes F, Freese C, Schneider M, Schmitz W, Muller FU. Creb 
critically regulates action potential shape and duration in the adult mouse ventricle. 
Am J Physiol Heart Circ Physiol. 2012;302:H1998-2007 
15. Kirchhefer U, Baba HA, Kobayashi H, Jones LR, Schmitz W, Neumann J. Altered 
function in atrium of transgenic mice overexpressing triadin 1. Am J Physiol. 
2002;283:H1334-H1343 
16. Kirchhefer U, Neumann J, Baba HA, Begrow F, Kobayashi YM, Reinke U, Schmitz 
W, Jones LR. Cardiac hypertrophy and impaired relaxation in transgenic mice 
overexpressing triadin 1. J Biol Chem. 2001;276:4142-4149 
17. Meuth SG, Budde T, Duyar H, Landgraf P, Broicher T, Elbs M, Brock R, Weller M, 
Weissert R, Wiendl H. Modulation of neuronal activity by the endogenous 
pentapeptide qynad. Eur J Neurosci. 2003;18:2697-2706 
18. Shon KJ, Olivera BM, Watkins M, Jacobsen RB, Gray WR, Floresca CZ, Cruz LJ, 
Hillyard DR, Brink A, Terlau H, Yoshikami D. Mu-conotoxin piiia, a new peptide for 
discriminating among tetrodotoxin-sensitive na channel subtypes. J Neurosci. 
1998;18:4473-4481 
19. Smith JJ, Blumenthal KM. Site-3 sea anemone toxins: Molecular probes of gating 
mechanisms in voltage-dependent sodium channels. Toxicon. 2007;49:159-170 
20. Takeishi Y, Chu GX, Kirkpatrick DM, Li ZL, Wakasaki H, Kranias EG, King GL, 
Walsh RA. In vivo phosphorylation of cardiac troponin i by protein kinase c beta 2 
decreases cardiomyocyte calcium responsiveness and contractility in transgenic 
mouse hearts. J Clin Invest. 1998;102:72-78 
21. Wagner S, Dybkova N, Rasenack EC, Jacobshagen C, Fabritz L, Kirchhof P, Maier 
SK, Zhang T, Hasenfuss G, Brown JH, Bers DM, Maier LS. Ca2+/calmodulin-
dependent protein kinase ii regulates cardiac na+ channels. J Clin Invest. 
2006;116:3127-3138 
22. Tanimura M, Mishima T, Steinberg MI, Borzak S, Goldstein S, Sabbah HN. 
Hemodynamic effects of a novel sodium channel activator in dogs with chronic heart 
failure. Cardiovasc Drugs Ther. 2000;14:77-82 
23. Fabritz L, Kirchhof P, Franz MR, Nuyens D, Rossenbacker T, Ottenhof A, 
BjIP activates TTX-sensitive Na currents CIRCHF/2013/001066 R2 page 17 
Haverkamp W, Breithardt G, Carmeliet E, Carmeliet P. Effect of pacing and 
mexiletine on dispersion of repolarisation and arrhythmias in hearts of scn5a ð-kpq 
(lqt3) mice. Cardiovasc Res. 2003;57:1085-1093 
24. Ho WS, Davis AJ, Chadha PS, Greenwood IA. Effective contractile response to 
voltage-gated na+ channels revealed by a channel activator. Am J Physiol Cell 
Physiol. 2013;304:C739-747 
25. Spencer CI, Yuill KH, Borg JJ, Hancox JC, Kozlowski RZ. Actions of pyrethroid 
insecticides on sodium currents, action potentials, and contractile rhythm in isolated 
mammalian ventricular myocytes and perfused hearts. J Pharmacol Exp Ther. 
2001;298:1067-1082 
26. Chamberland C, Barajas-Martinez H, Haufe V, Fecteau MH, Delabre JF, 
Burashnikov A, Antzelevitch C, Lesur O, Chraibi A, Sarret P, Dumaine R. 
Modulation of canine cardiac sodium current by apelin. J Mol Cell Cardiol. 
2010;48:694-701 
27. Haufe V, Camacho JA, Dumaine R, Gunther B, Bollensdorff C, von Banchet GS, 
Benndorf K, Zimmer T. Expression pattern of neuronal and skeletal muscle voltage-
gated na+ channels in the developing mouse heart. J Physiol. 2005;564:683-696 
28. Zimmer T, Bollensdorff C, Haufe V, Birch-Hirschfeld E, Benndorf K. Mouse heart 
na+ channels: Primary structure and function of two isoforms and alternatively 
spliced variants. Am J Physiol Heart Circ Physiol. 2002;282:H1007-1017 
29. Yoo S, Dobrzynski H, Fedorov VV, Xu SZ, Yamanushi TT, Jones SA, Yamamoto M, 
Nikolski VP, Efimov IR, Boyett MR. Localization of na+ channel isoforms at the 
atrioventricular junction and atrioventricular node in the rat. Circulation. 
2006;114:1360-1371 
30. Xi Y, Wu G, Yang L, Han K, Du Y, Wang T, Lei X, Bai X, Ma A. Increased late 
sodium currents are related to transcription of neuronal isoforms in a pressure-
overload model. Eur J Heart Fail. 2009;11:749-757 
31. Kaufmann SG, Westenbroek RE, Maass AH, Lange V, Renner A, Wischmeyer E, 
Bonz A, Muck J, Ertl G, Catterall WA, Scheuer T, Maier SK. Distribution and 
function of sodium channel subtypes in human atrial myocardium. J Mol Cell 
Cardiol. 2013;61:133-141 
32. Bers DM. Cardiac excitation-contraction coupling. Nature. 2002;415:198-205 
33. Craner MJ, Newcombe J, Black JA, Hartle C, Cuzner ML, Waxman SG. Molecular 
changes in neurons in multiple sclerosis: Altered axonal expression of nav1.2 and 
nav1.6 sodium channels and na+/ca2+ exchanger. PNAS. 2004;101:8168-8173 
34. Saleh S, Yeung SY, Prestwich S, Pucovsky V, Greenwood I. Electrophysiological 
and molecular identification of voltage-gated sodium channels in murine vascular 
myocytes. J Physiol. 2005;568:155-169 
35. Tekook MA, Fabritz L, Kirchhof P, Konig S, Muller FU, Schmitz W, Tal T, Zlotkin 
E, Kirchhefer U. Gene construction, expression and functional testing of an inotropic 




BjIP activates TTX-sensitive Na currents CIRCHF/2013/001066 R2 page 18 
Figure 1. BjIP increases cardiac contraction without affecting cardiac rhythm.  
a: Representative M mode echocardiographic tracings at baseline, after injection of the full 
venom of Buthotus Hottentotta (BjV, 200µg), and after injection of the inotropic peptide 
(BjIP, 20µg). White lines indicate left ventricular systolic and diastolic dimensions. The 
tracing after BjV injection shows ventricular arrhythmias. 
b: Mean fractional shortening at baseline and after injection of BjV (200µg, grey) and BjIP 
(20µg, black).  
c-f: Effects of BjV (20µg/ml) and BjIP (4µg/ml) on cardiac electrophysiology in the beating 
heart as assessed in contracting, Langendorff-perfused (37°C, modified Tyrode’ s solution) 
mouse hearts with simultaneous recording of right and left ventricular monophasic action 
potentials. Ventricular arrhythmias were assessed after AV nodal block.  
c: Example of a spontaneous polymorphic ventricular tachycardia during BjV perfusion.  
d: Number of hearts with (black bars) and without (white stacked bars) spontaneous 
arrhythmias at baseline, during BjV perfusion, and during BjIP perfusion.  
e: Representative monophasic action potential recordings at baseline (top), during perfusion 
with the full venom BjV (middle), and during perfusion with BjIP (bottom). BJV prolongs 
the ventricular action potential, BjIP does not.  
f: Mean action potential durations at 70% repolarization and 140 ms paced cycle length at 
baseline (left), during perfusion with the full venom BjV (middle, grey), and during perfusion 
with BjIP (right, black). BjV prolongs ventricular action potential duration. 
g: Mean action potential durations at baseline (dotted lines) and during BjIP perfusion 
(solid lines) at different repolarization levels (APD50, APD70, APD90) and different paced 
cycle lengths (80 – 140 ms, x axis) in isolated, beating mouse hearts (n=7 hearts, n=18-21 
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action potentials per mean data point). All values are given as mean and standard deviation.  
 
Figure 2: Isolation, sequence and modeled structure of BjIP. 
a: Fractionation of the BjV (75 mg) by reversed phase HPLC. Preparative column of RP-C18 
(Vydac, USA) equilibrated by DDW + 0.1% TFA and eluted by a linear gradient of 
acetonitrile + 0.1% TFA with a changed steepness (not shown). Fraction 21 contains BjIP. 
b: Amino acid sequence of BjIP (fraction 21) as deduced from the cDNA clone. Total RNA 
isolated from Black scorpion venom gland was analyzed by SMART (Clontech, USA). The full 
sequence contained 61 amino acids of mature polypeptide (predicted weight 6609 Dalton), 
19 amino acids of the signal peptide (red underline), 111 base pairs of untranslated 
nucleotide after the stop codon, and a polyadenylation site (black underline), followed by a 
long segment of 30 base pairs of poly A. Matrix-Assisted Laser-Desorption Ionization–Time-
Of-Flight (MALDI-TOFF) mass spectrometry of BjIP confirmed a 6609 Dalton component 
(duplicate measurement from two independent venom batches). 
c: Superimposition of BjIP and five β toxins of known 3D structure (pdb codes 1B7D, 1I6F, 
1I6G, 1NRA, 1NRB) on the Swiss-Model modeling server, displayed in color RMS PyMOL: 
Dark blue thinner lines represent strong homology, red thick lines diversity. 
d: Structure of BjIP (PyMOL). The reduced length of BjIPs alpha helix is due to the absence 
of two adjacent lysines.  
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Figure 3: BjIP increases cardiomyocyte contractility, increases intracellular calcium 
transient amplitude, and prolongs opening of TTX sensitive sodium channels  
a: BjIP increases force of contraction by 13% in mouse right ventricular muscle strips. 200 
nM TTX abolish the inotropic effect of BjIP. 
b: Representative simultaneous recording of calcium transients and cell shortening at 
baseline and during superfusion with BjIP (0.4 µg/ml). 
 c: Corresponding mean calcium transient amplitude and cell shortening (n=12/3). BjIP 
increases calcium transient and cell shortening amplitudes.  
d: Representative cell shortening at baseline, with BjIP, and with BjIP+ 200 nM TTX. 
e: Mean cell shortening is increased by BjIP. This effect is reversed by 200 nM TTX (n=7).  
f: Representative recordings of INa from the same adult ventricular mouse cardiomyocyte at 
baseline, with 4 µg/ml BjIP and with BjIP and 200 nM TTX.  
g : BjIP does not affect the peak current amplitude of INa 
h: BjIP prolongs inactivation of INa as illustrated by increased inactivation time constant τ.  
i: Increased total Na+ influx estimated as area under the curve (AUC) (f-i: n=2-6; *p<0.05 
vs. base). The BjIP effects on INa are abolished by 200 nM TTX. 
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Figure 4: BjIP effect on INa in thalamic neurons.  
a: Current-voltage relationship of INa under control conditions (open squares) and in the presence of 
BjIP (closed squares) in a thalamocortical neuron. Continuous lines indicate Boltzmann fits corrected 
for driving force to the data points. The cell was held at -60 mV before stepping to -90 mV for 2 s and 
eliciting INa by voltage steps of increasing amplitudes (-60 to -30 mV, 10 mV increment, 30 ms 
duration). 
b: Inactivation kinetics of INa were best fitted by a single exponential function (see inset) and not 
different between control and BjIP. 
c: Original traces of INa recorded from thalamic neurons of acute living rat brain slices under control 
conditions (base, black trace) and in the presence of BjIP (0.44 µg/ml, dark grey trace). 
d: Current traces under control conditions (base, black trace), during application of ProTx-II (ProTx, 
0.5 µM, light grey trace), in combination with BjIP (ProTx + BjIP, dark grey trace) and with 
tetrodotoxin (TTX, 1 µM, dashed black line) added to the extracellular solution. INa was elicited by 
voltage steps from -90 mV (2 s) to -30 mV (30 ms, see inset). 
e-g: Box plots of current amplitudes under different recording conditions (as indicated; * p<0.05, ** 
p<0.01). µCtx is a blocker NaV1.2, NaV1.4 and NaV1.7. The most likely subtypes activated by BjIP are 
underlined. pro-Tx is an inhibitor of NaV1.2, NaV1.3, NaV1.5, NaV1.6, NaV1.7 and NaV1.8. 
h:  mRNA expression of SCN1A (NaV1.1), SCN2A (NaV1.2), SCN3A (NaV1.3), SCN4A (NaV1.4), SCN5A 
(NaV1.5), SCN8A (NaV1.6), SCN9A (NaV1.7), SCN10A (NaV1.8), SCN11A (NaV1.9), SCN7A (Nax) in 
thalamic brain  tissue. DNA marker bands are located in the left margin. “x” indicate channels that are 
inhibited by µCtx or ProTx. 
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Figure 5: Expression of SCN3A, but not SCN8A mRNA in murine and human heart tissue. 
a: PCR showing detection of SCN3A and SCN5A mRNA in human heart and blood and in mouse heart 
tissue. SCN8A mRNA is not detectable in the heart, but is readily detected in human leucocytes. 
b: Mean expression levels of SCN3A (black), SCN5A (grey), and SCN8A (non detectable) mRNA in 
mouse ventricular tissue derived from qPCR. 
c: Mean expression levels derived from qPCR of SCN3A (black), SCN5A (grey, reference, set to 1), and 
SCN8A (not detected) mRNA in human heart tissue taken from different regions, i.e. atria, ventricles, 
sinus node, AV node, and Purkinje fibers.  
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Table: Concentrations of the full venom (BjV) and of the inotropic peptide (BjIP, 6609 Da 










Toxicity (i.p.) 200 µg 20 µg (3 µmol)  
inotropy, arrhythmias 




arrhythmias, AP, perfused heart 20 µg/ml 4 µg/ml (600 nM)  
Na current, superfused cardiomyocytes - 4 µg/ml (600 nM)  
isolated trabecles - 0.4 µg/ml (60 nM)  
Ca transients, superfused 
cardiomyocytes 4 µg/ml 0.4 µg/ml (60 nM) 
 
thalamic slices - 0.4 µg/ml (60 nM)  
    
 
